of the challenge period, one-half of the pigs fed CON and all pigs fed LEU-M and LEU-H were challenged with LPS (ISS+; 30 µg/kg injected intramuscularly); the remaining pigs fed CON were injected with saline (ISS-). Whole-body N retention was determined during subsequent 12-h collections. Plasma free Leu concentration increased linearly with increasing Leu content in the diet before LPS was administered (CON, 124 µmol/L; LEU-M, 185 µmol/L; LEU-H, 227 µmol/L; P < 0.01). During the prechallenge period, N retention was lower in pigs fed LEU-M (P < 0.01) and there was no difference between pigs fed 7.18, and 7 .71 g/12 h for CON, LEU-M, and LEU-H, respectively). During the challenge period, N retention in pigs fed CON was higher in ISS-than ISS+ (5.37 vs. 3.83 g/12 h; P < 0.01) but was not affected by diet in ISS+ pigs (3.83, 3.21, and 3 .45 g/12 h for CON, LEU-M, and LEU-H, respectively; P > 0.10). In healthy pigs, feeding a high excess of dietary Leu induced an anabolic response to compensate for reduced N retention that occurred in pigs fed an intermediate excess of dietary Leu. There was no effect of supplemental Leu on N retention in pigs after an LPS challenge.
Branched-chain AA (BcAA) are a group of AA that are abundant in skeletal muscle, accounting for 30% of its essential AA (eAA) content (Mahan and Shields, 1998) , and are the only EAA that have catabolic pathways active in skeletal muscle. Among the BCAA, Leu has been extensively reported as having a regulatory role in stimulating muscle protein synthesis and inhibiting muscle protein breakdown through the mammalian target of rapamycin (mTor) signaling pathway (Garlick, 2005) , and both processes are modified during ISS .
The objective of this study was to determine the effect of supplemental dietary Leu on the dynamics of whole body N retention in starter pigs before and after ISS induced by bacterial lipopolysaccharide (Lps). We hypothesized that the reduction in PD during ISS can be attenuated by dietary Leu supplementation.
mATeriALs AND meTHoDs
All procedures in the current study were conducted according to the Canadian Council on Animal Care (CCAC, 2009) and were approved by the University of Guelph Animal Care Committee. A preliminary study was conducted to establish a timeframe to better evaluate aspects of N utilization in response to dietary Leu intake after an LPS challenge.
Preliminary Study
Animals, Housing, Diets, and General Experimental Design. Growing Yorkshire barrows with an average initial BW of 12.4 ± 2.1 kg were obtained from the University of Guelph Arkell Swine research facility herd (Guelph, ON). The pigs were housed in pairs in floor pens equipped with heat lamps and were fed a commercial starter diet at the University of Guelph Animal Metabolism Unit (Guelph, ON) in a temperature-controlled room between 24°C to 26°C (Möhn et al., 2000) . The study was conducted in 2 consecutive and equal blocks of 12 pigs each. One week after arrival at the metabolism unit, pigs were housed individually in metabolism crates allowing for separate collection of feces, urine, and wasted feed (Möhn et al., 2000) and randomly assigned to 1 of 2 dietary treatments: 1) CON, 1.36% SID Leu; or 2) LEU-H, 2.72% SID Leu. The diets were formulated to contain all EAA at or above requirements for maximum PD for this BW (NRC, 2012), contained TiO 2 as an indigestible marker, and were isoenergetic and isonitrogenous (Table 1) . Pigs were adapted to the dietary treatments over a 7-d period and fed at 2.2 times maintenance requirements for metabolisable energy (daily feed allowance was low to avoid excessive feed refusals, particularly during the challenge period). For the first 5 d of the adaptation period, pigs were fed equal meals twice daily at 08:00 and 16:00 h. Thereafter, pigs were fed equal meals every 4 h at 02:00, 06:00, 10:00, 14:00, 18:00, and 22:00 h. Water was provided to the pigs with each meal at a 2:1 ratio, and an additional aliquot of water was provided 1 h after each meal.
Following the dietary adaptation period, ISS was induced in one-half of the pigs on each dietary treatment with repeated i.m. injections of Escherichia coli LPS (strain 055:B5; Sigma-Aldrich Canada Co., Oakville, ON; iss+) every 48 h for 7 d. The initial LPS dose was 30 µg/kg BW on d 1 and was increased by 20% on each subsequent injection on d 3, 5, and 7 to overcome potential development of LPS tolerance . The remaining pigs were injected with an equal volume of sterile saline (iss-). After ISS was induced, an N-balance study was conducted for 7 d. In all pigs, whole-body N utilization was measured daily. Feed refusals were collected after every feeding to accurately determine DM and N intake. Urine was collected on steel trays that drained directly into containers and was acidified with 10 mL concentrated sulfuric acid to maintain the pH below 3 to avoid N losses by ammonia volatilization (de Lange et al., 2001) . For every 24-h collection period, urine was weighed and a representative 200-mL aliquot was sampled, placed in a sealed container, and stored at 4°C until N content analysis. Fresh feces was collected daily, pooled within pig for the entire 7-d period, and stored at −20°C until they were freeze-dried.
Main Study
Animals, Housing, Diets, and General Experimental Design Growing Yorkshire barrows with an average initial BW of 10.6 ± 1.1 kg were obtained from the University of Guelph Arkell Swine research facility herd. The pigs were housed as described in the preliminary study. The study was conducted in 4 consecutive and equal blocks of 10 pigs each, including 2 spare pigs per block. Five days after arrival at the metabolism unit, pigs underwent surgical insertion of jugular vein catheters for serial blood collection according to de Lange et al. (1989) . Microrenathane catheters (internal diameter and external diameter of 1.6 mm and 2.4 mm, respectively; Brain Tree Scientific, Inc., Braintree, MA) were inserted into the left and right external jugular veins and flushed immediately with physiological saline containing 2% heparin (10,000 IU/mL). The catheters were flushed daily thereafter to maintain patency. Pigs were housed individually in metabolism crates directly after surgery and were randomly assigned to one of three dietary treatments: 1) CON, 1.36% SID Leu; 2) LEU-M, 2.04% SID Leu; or 3) LEU-H, 2.72% SID Leu. The diets were formulated to contain all essential AA 10% above estimated requirements for maximum PD for this BW range (NRC, 2012), contained TiO 2 as an indigestible marker, and were isoenergetic and isonitrogenous (Table 1) . Pigs were adapted to the experimental diets and feeding regimen as described in the preliminary study and allowed to recovery from surgery for at least 7 d before the start of N-balance measurements and sample collection.
The N-balance consisted of a 72-h prechallenge period (six 12-h collections) and a 36-h challenge period (three 12-h collections). Sample collection for the N-balance was conducted as described for the preliminary study, except that N-balance in the pigs was measured during consecutive 12-h collections. At the completion of the prechallenge period, ISS was induced in all pigs fed the LEU-M and LEU-H diets and one-half of the pigs fed the CON diet with a single i.m. injection of Escherichia coli LPS (30 µg/kg BW; strain 055:B5; Sigma-Aldrich Canada Co., Oakville, ON; ISS+). The remaining pigs on the CON diet were injected with an equal volume of sterile saline (ISS-). Whole-body N retention was measured during consecutive 12-h collections for 36 h after ISS was induced (challenge period). During the challenge period, feed intake of CON pigs injected with saline was kept equal to pigs injected with LPS to prevent confounding of whole-body N retention with feeding level. All pigs were provided their full allotment of feed 1 h before the LPS injection, were not provided any feed 3 h after the LPS injection, and were allowed increasing amounts of feed thereafter (25%, 50%, 75%, and 100% of their daily feed allowance at 7, 11, 15, and 19 h after the LPS injection, respectively). After this point, all pigs were provided their full feed allowance until the end of the challenge period.
During the prechallenge and challenge periods, blood was collected every 12 h for plasma AA and urea N analysis. On the third and final day of the prechallenge period, blood was collected from 4 pigs per dietary treatment hourly over a 4-h interval between meals for plasma AA analysis. Blood that was collected at the end of the prechallenge and challenge periods was also analyzed for plasma albumin and white blood cell (WBc) concentrations. One 5 mL blood sample was collected from the jugular vein catheter at each sampling time into sodium EDTA tubes (BD Canada, Mississauga, ON) and was centrifuged at 1500 × g at 4°C for 15 min. Plasma was separated and stored at -20°C until further analysis.
Analytical Procedures
Diet AA content was analyzed in the laboratory of Degussa AG (Hanau, Germany) by ion-exchange chromatography coupled with post-column derivatization with ninhydrin (method 982.30; Association of Analytical Chemists [AOAC], 2006) . Dry matter content of the diets and pooled feces was measured in duplicate by oven drying for 2 h at 135°C (method 930.15; AOAC, 1997). Dry matter content of feed refusals was measured by oven drying for 5 d at 70°C. Diet, fecal, and urinary N content was analyzed at SGS Agrifood Laboratories (Guelph, ON) with a LECO-FP 428 analyzer (LECO Instruments Ltd., Mississauga, ON) according to AOAC (1997) method 990.03. The diet (triplicate) and pooled fecal (duplicate) TiO 2 content was measured according to AOAC (1997) .
Plasma albumin was analyzed at Animal Health Laboratories (University of Guelph, Guelph, ON) on Roche Cobas C 501 Analyzer (Hoffman-La Roche Ltd, Mississauga, ON) according to the methods described by Doumas et al. (1971) . White blood cell concentration was determined with cytogram analysis (Advia 120 Hematology System; Siemens Healthcare Diagnostics, Inc., Deerfield, IL). Plasma free AA concentrations were analyzed using Ultra Performance Liquid Chromatography (UPLC) and with Empower Chromatography Data Software (Waters Corporation, Milford, CT) according to Boogers et al. (2008) . Plasma urea N (puN) was analyzed using a commercial kit (Urea Nitrogen (BUN) Liqui-UV Test (Rate), Stanbio Laboratory, Boerne, TX). Briefly, 10 μL of urea standard (30 mg/dL) or sample was added in duplicate into wells of a 96-well plate. After the addition of the reagent, absorbance was measured immediately at 340 nm and 1 min thereafter at 37°C (Power Wave XS KC4, BIO-TEK Instruments, Inc., Winooski, VT). Plasma urea N was calculated as the ratio between the change in absorbance of sample and standard multiplied by the concentration of the standard. The average CV for sample replicates was 1% and the minimum detection level was 2.0 mg/dL.
Calculations and Statistical Analysis
Total tract digestibility of DM and CP and fecal N excretion were determined using the indicator method (Zhu et al., 2005) . The mean analyzed diet TiO 2 content was used to calculate fecal N digestibility. Whole-body N retention (g/d for the preliminary study; g/12 h for the main study) was calculated as the difference between N intake (feed allowance minus feed refusal multiplied by analyzed N content in the diet) and N losses in the feces and urine. Dietary N utilization efficiency was calculated as the ratio between N retention and N absorbed (N intake minus N excretion in the feces).
Statistical analyses were conducted using the mixed model procedures of SAS (version 9.2; SAS Inst. Inc., Cary, NC) using individual N-balance observations within pig as the experimental unit. For the preliminary study, N-balance data was analyzed as repeated measures across time using a 2 × 2 factorial design with diet, ISS, 24-h collection period, block, pig, and initial BW as sources of variation. Nitrogen utilization values are presented as means for the 7-d period. Contrasts were constructed to test for differences between diets within ISS+ pigs and for differences between ISS-and ISS+ pigs within diet on d 2 post-challenge.
For the main study N-balance data, statistical analysis was conducted separately on data from the prechallenge and challenge periods. When N-balance observations during the prechallenge period were included as a covariate in the analysis of the data obtained in the challenge period, to account for between-pig variation, this covariate was found to not be significant (P > 0.10). For both periods, N-balance data was analyzed as repeated measures across time with treatment (e.g., 3 treatments during the prechallenge period; 4 treatments during the challenge period), time, block, pig, and initial BW as sources of variation. When a significant treatment effect was detected, differences among individual means were assessed using the Tukey-Kramer post-hoc test. The linear relationship between dietary Leu content and N-balance responses was evaluated. For the challenge period, a contrast was constructed to determine the difference between ISS-and ISS+ pigs fed CON.
Plasma albumin and WBC concentrations were analyzed as repeated measures across period with ISS, period, pig, and block as sources of variation. Plasma AA concentrations were analyzed as repeated measures across time with treatment, sampling time, pig, and block as sources of variation. When a significant treatment effect was detected, differences among individual means were assessed using the Tukey-Kramer post-hoc test. In the prechallenge period, the linear relationship between dietary Leu content and plasma AA concentrations was evaluated. In the challenge period, orthogonal contrasts were used to assess whether plasma AA concentrations were different between 0 h and 36 h after ISS within treatment groups.
Results are expressed as least square means for the prechallenge and challenge periods. Significance was accepted at P < 0.05 and probabilities between 0.05 and 0.10 were accepted as trends.
resuLTs
Before surgery, all pigs appeared healthy and readily consumed their daily feed allowances. The catheterized pigs used in the main study recovered from surgery without complication and returned to pre-surgery feeding levels within 24 h after surgery.
The LPS injection induced vomiting in several pigs which was collected and included in the feed refusal for that day. In general, pigs recovered to about 75% of their prechallenge feeding levels by 15 h after the LPS injection. In the main study, all data from four pigs were removed from analysis due to abnormal behaviors leading to incomplete N-balance observations. Moreover, two pigs from LEU-H treatment had excessive feed refusals (i.e., more than 33% of their feed allowance) after ISS was induced and their data during the challenge period was excluded from analysis. Several pigs suffered from diarrhea after the LPS injection, causing contamination of urine with feces. This typically occurred within 2 h of the injection, and in these instances N-balance observations were started 2 h after the LPS injection and the duration of the first N-balance period was 10 h instead of 12 h.
Calculated and analyzed dietary nutrient and AA contents are presented in Table 1 and 2, respectively. Total analyzed Leu content was higher in LEU-M compared to CON, and in LEU-H compared to LEU-M, and the increases across the diets were as intended. The analyzed CP contents of the diets were similar but all slightly higher (about 5%) than expected, likely due to higher than anticipated CP content of soy protein isolate, which was the only protein source used besides synthetic AA. The analyzed AA contents were in general consistent with calculated values for all diets.
In the preliminary study, and based on mean values across the 7-d N-balance period, there was no effect of diet on fecal N excretion, urinary N excretion, and N retention (P > 0.10). Immune system stimulation increased mean urinary N excretion 3. In the main study, there was no difference in WBC concentration in ISS-pigs between the prechallenge and challenge periods (P > 0.10; Table 3 ) but plasma albumin concentration tended to be lower in the challenge Pigs from each dietary treatment that were not immune-challenged were injected with sterile saline (ISS-). * P < 0.05 between ISS+ pigs fed CON and LEU-H; ± P < 0.05 between ISS-and ISS+ pigs fed CON. period (P < 0.10). Both albumin and WBC concentrations were lower in the challenge period compared to the prechallenge period for ISS+ pigs (P < 0.05).
During the prechallenge period, all plasma AA concentrations were affected by time after feeding, peaking 1-h after feeding and returning to pre-feeding levels 4-h after feeding (data not shown; P < 0.01), but there was no interaction between dietary treatment and time after feeding for any AA (P > 0.10). Across sampling times, plasma BCAA concentrations were strongly affected by dietary treatment (P < 0.01; Table 4 ). Plasma Leu concentration increased linearly (P < 0.01) whereas plasma Ile, Val, and total BCAA decreased linearly (P < 0.01) with increasing Leu content in the diet. For the remaining EAA, plasma concentrations were not affected by dietary treatment (P > 0.10) except for Trp, which tended to increase with dietary Leu content (P < 0.10). Plasma Ala and Gln concentrations decreased linearly with increasing dietary Leu content (P < 0.01). Plasma TAA and NEAA concentrations tended to decrease with increasing dietary Leu content (P < 0.10).
Before LPS was administered to the pigs in the challenge period (i.e., 0 h; Table 5), the effect of dietary treatment on plasma Lys, Leu, Ile, and Val concentrations were consistent with the prechallenge period. During the challenge period, plasma Leu and Ile concentrations did not change from 0 h to 36 h in either ISS-or ISS+ pigs fed CON (P > 0.10) whereas plasma Lys concentration was higher (P < 0.05) at 36 h in ISS+ pigs fed CON. Plasma AA concentrations did not change from 0 h to 36 h after ISS in LEU-M pigs (P > 0.10) but plasma Leu, Ile, and Val concentrations were lower in LEU-H pigs at 36 h (P < 0.05).
During the prechallenge period, there was no interaction between dietary treatment and time for any N-balance response (P > 0.10). Mean N utilization values for the prechallenge period are presented in Table 6 . Urinary N excretion, whole-body N retention, and efficiency of utilizing absorbed N for N retention were all affected by diet (P < 0.05). Urinary N excretion was lower in CON pigs compared to LEU-M pigs (P < 0.05) but was not different from LEU-H pigs (P > 0.10). Similarly, whole-body N retention and efficiency of utilizing absorbed N for N retention were greater in CON and LEU-H pigs compared to LEU-M pigs (P < 0.05); there was no difference between CON and LEU-H pigs (P > 0.10). There was no linear relationship between any N-balance response and increasing dietary Leu content (P > 0.10). Plasma urea N concentration was not affected by dietary treatment (P > 0.10).
During the challenge period, there was no interaction between treatment and time for any N-balance response (P > 0.10). Mean N utilization values for the challenge period are presented in Table 7 . During this period, neither N intake nor fecal N excretion was affected by ISS (P > 0.10). Mean urinary N excretion was higher whereas whole-body N retention and efficiency of utilizing absorbed N for N retention were lower in ISS+ pigs fed CON compared to ISS-pigs fed CON (P < 0.01). In ISS+ pigs, there were no differences in urinary N excretion and N retention between diets (P > 0.10), but N utilization efficiency tended to be different between CON and LEU-M pigs (P < 0.10). Plasma urea N was higher in ISS+ pigs fed CON compared to ISS-pigs fed CON (P < 0.05) but was not affected by diet in ISS+ pigs.
DiscussioN
The main objective of this study was to determine the effect of dietary Leu supplementation on wholebody N retention in pigs challenged with bacterial LPS. For the main study, a single i.m. injection of LPS was selected as the non-infectious disease model. Based on previous studies, this model shows a predictable response immediately following the initial LPS injection, but pigs can develop tolerance to LPS such that they no longer exhibit a clinical response to subsequent LPS injections (Rakhshandeh and de Lange, 2012; Litvak et al., 2013) . This is consistent with the pattern of N 4 SE is based on repeated measured analysis across period (largest values selected).
5 P-value for the contrast between the prechallenge and challenge periods in ISS-pigs.
6 P-value for the contrast between the prechallenge and challenge periods in ISS+ pigs.
retention observed in the preliminary study (Fig. 1 ). In the main study, plasma albumin and WBC concentrations were decreased in ISS+ pigs following a single injection of LPS, indicating that LPS-induced ISS was successful. Moreover, whole-body N retention was decreased and PUN concentration was increased in ISS+ pigs, which suggest that changes in whole-body N and AA metabolism were maintained until the end of the 36-h challenge period. It should be noted that a single injection of LPS represents an acute stimulation of the immune system and may not be representative of pigs with bacterial or viral infections.
In the current study, the experimental diets were formulated to provide pigs AA in excess of estimated requirements for maximum PD according to NRC (2012) , including the Leu content in CON, such that no individual AA or total N should have limited PD. In the main study, however, the high efficiency of N utilization indicates that intake of either an EAA or total N may have limited PD during the prechallenge period. It should be noted that N utilization efficiency during the challenge period was lower than during the prechallenge period, especially in ISS+ pigs, which suggests that it is unlikely that intake of any EAA or total N limited PD during this period. Therefore, this experimental design allows a careful evaluation of the potential anabolic effect of feeding supplemental Leu at the whole animal level during ISS.
The amount of Leu provided by LEU-H was twofold higher than that provided by CON, and an intermediate level between CON and LEU-H was provided by LEU-M, to determine the effect of high levels of dietary Leu on plasma AA concentrations and wholebody N retention. These levels of dietary Leu were selected because similar levels have been reported previously to have no detrimental effect on feed intake or growth performance in starter pigs (Gatnau et al., 1995) . Several studies have reported positive effects of feeding Leu-supplemented low protein diets to healthy young pigs on fractional protein synthesis rates in skeletal muscle and most visceral tissues (Torrazza et al., 2010; Yin et al., 2010) . However, few studies have been conducted to explore whole animal responses to feeding these levels of Leu (Columbus et al., 2015) .
In the main study, challenge period N-balance responses were independent from prechallenge period observations. Therefore, the results from the prechallenge and challenge periods are discussed separately.
Prechallenge Period
Pigs fed LEU-M and LEU-H had elevated plasma Leu concentrations compared to CON in the prechallenge period which was anticipated and consistent with the dietary treatments. Plasma Ile, Val, and total BCAA concentrations were decreased in LEU-M and LEU-H pigs, which is in agreement with previous studies that indicate that the rate of whole-body BCAA catabolism is increased at higher levels of Leu intake (Aftring et al., 1986) . However, plasma BCAA concentrations were similar for LEU-M and LEU-H pigs, suggesting that the amount of Leu provided by LEU-M was sufficient to increase overall BCAA catabolism to an apparent maximum rate. To keep diets isonitrogenous, dietary content of Asp and Glu were decreased as dietary Leu content was increased in LEU-M and LEU-H. The substitution of this dietary N source contributed in part to the linear decrease in plasma concentrations of Ala and Gln in response to higher dietary Leu content. First-pass intestinal metabolism of dietary Asp and Glu may account for the observed differences in plasma Ala and Gln concentrations (Reeds et al., 1996) . Plasma Gly concentration, however, was lower in LEU-M than a,b Different letters in a row denotes a significant difference between treatment groups (P < 0.05).
1 Values represent means across 5 sampling times taken hourly starting before feeding to 4 h after feeding.
2 CON = 1.36% SID Leu; LEU-M = 2.04% SID Leu; LEU-H = 2.72% SID Leu.
3 SE is based on repeated measures analysis across time (largest value selected).
4 P-value for the linear effect of increasing SID Leu content on plasma AA concentrations.
5 BCAA = branched-chain AA.
6 EAA = essential AA.
7 NEAA = nonessential AA.
8 TAA = total AA.
LEU-H pigs, despite LEU-H pigs having lower NEAA intake. The relationship between dietary Leu intake and plasma Gly concentration is paralleled by changes in plasma Thr concentration. Threonine is catabolised in the pig mainly through the Thr dehydrogenase pathway, whose products include Gly and acetyl-CoA (Ballevre et al., 1990 ), but it is unclear why supplemental Leu intake would affect this pathway. During the prechallenge period, LEU-M pigs had lower N retention than either CON or LEU-H pigs, and N retention was not different between CON and LEU-H, despite all diets supplying enough Leu to satisfy requirements for PD according to NRC (2012) . Moreover, any differences in N retention between dietary treatments were independent of total N intake. Reduced availability of Ile and Val, which may be implied from lower plasma Ile and Val concentrations in pigs fed LEU-M, may have contributed to reduced N retention. Diet-induced imbalance between BCAA and its negative effect on growth performance has been reported previously (May et al., 1991) . It is also possible that N intake may have limited N retention in all pigs, and higher Leu intakes exacerbated this limitation. This is supported by the decline in plasma NEAA and TAA concentrations in LEU-M and LEU-H pigs; however, this does not explain the recovery in N retention when increasing Leu intake from LEU-M to LEU-H. Despite lower plasma AA concentrations in pigs, increasing Leu intake to the level in LEU-H improved N retention and appears to have an anabolic effect (Torrazza et al., 2010) , even when there is an apparent imbalance between BCAA or when N intake is limiting.
Leucine is a potent nutritional signal that regulates the mTOR signaling pathway, integral to the cellular response to growth factors, nutrients, energy status, and stress, to modulate protein synthesis and breakdown independently of other AA (Garlick, 2005; Zanchi et al., 2008) . Skeletal muscle in particular is sensitive to Leu as an anabolic stimulus (Nair et al., 1992; Crozier et al., 2005; Escobar et al., 2010) . Leucine alone, however, is not sufficient to stimulate an anabolic response if other AA are in short supply (Kobayashi et al., 2003; Wilson et al., 2010) . The pigs in the current study were fed every 4 h to maintain permissive levels of AA in the blood for PD. The higher and prolonged increase in plasma Leu concentration in LEU-H pigs may have augmented the anabolic effects of Leu to increase N retention in LEU-H pigs. Given these results, it is most likely that muscle protein synthesis, muscle protein breakdown, or both of these processes were modified by increasing Leu intake since the relative contribution of muscle protein turnover to whole-body protein turnover is large (Breuillé et al., 1998) .
Another possible mechanism through which Leu may have an anabolic effect is through its role as the principal N donor for Gln and Ala synthesis in skeletal muscle (Ruderman and Berger, 1974) . If total N intake limited N retention, then Leu may have functioned as an N donor for NEAA synthesis. Indeed, using Leu as a source of N for NEAA synthesis is just as efficient as Glu and Asp in this study given that N utilization efficiency was similar between CON and LEU-H. However, it is unclear why LEU-M, which supplied N equally between Leu and NEAA, would be any different. It is therefore most likely that the anabolic responses observed in the main study at the highest level of Leu intake is mediated by direct effects of Leu on the mTOR signaling pathway rather than through supplying N for NEAA synthesis. The dose-dependent anabolic effect of Leu in healthy animals and individuals deserves to be explored further.
Challenge Period
The reduction in PD during an LPS challenge is mediated by an increase in pro-inflammatory cytokines and glucocorticoids that disturbs AA metabolism in the pig. Both whole-body protein synthesis and breakdown may be elevated during ISS, but changes in protein turnover vary among tissues (Breuillé et al., 1994; Orellana et al., 2002) . It is unclear whether certain AA, and Leu in particular, can modulate anabolic and catabolic processes during an inflammatory response in pigs. In the preliminary study, we found that Leu transiently attenuated the reduction in N retention after pigs were challenged with LPS. The Leu-induced increase in N retention occurred on the second day after the LPS injection but did not persist after that time. Indeed, all pigs challenged with LPS had similar N retention to unchallenged pigs from d 3 onward, indicating that these pigs had developed tolerance to LPS. For this reason, we opted to investigate N utilization following the initial LPS injection for a 36-h period in the main study that coincided with the Leu-induced increase in N retention observed in the preliminary study. Contrary to the original hypothesis and to the preliminary results, supplemental dietary Leu did not attenuate the reduction in whole-body N retention during ISS, and N retention did not differ between diets in ISS+ pigs. It is not clear why these results are inconsistent. During the challenge period, N utilization efficiency tended to be lower in LEU-M than CON pigs, and LEU-H pigs were intermediate, despite similar N intakes. Moreover, LEU-H pigs had approximately 10% higher N retention than LEU-M pigs, although this increase was not statistically significant. This relative increase in N retention was similar for both the prechallenge and challenge periods. Nitrogen balance observations during ISS are typically more variable and additional observations may be required to better quantify this potential modest modulating effect of feeding additional Leu during ISS.
Inflammation has been reported to reduce skeletal muscle sensitivity to Leu (Lang and Frost, 2005) and to disrupt normal mTORC1 signaling (Kazi et al., 2011; Laufenberg et al., 2014) . Thus, the amount of Leu to fully stimulate muscle protein synthesis or suppress muscle protein breakdown depends on physiological state of the pig, and inflammation likely increases this threshold . It is unclear, however, when skeletal muscle regains sensitivity to Leu following ISS. The Leu-insensitive period may range from hours to days post-challenge, but the exact duration likely depends on the duration and severity of the insult (Lang and Frost, 2005; Vary, 2007) . In the current study, the duration of the post-challenge period did not exceed 36 h such that the pigs may have still been resistant to Leu. Therefore, we suggest that the amount of Leu provided to pigs fed either LEU diet did not exceed a threshold plasma Leu concentration, higher than that in healthy pigs, needed to elicit a substantial response in N retention during the first 36 h of ISS.
As discussed previously, Leu can serve as an N donor for Gln synthesis. Glutamine is considered to be a conditionally EAA during disease (Karinch et al., 2001) , and its synthesis is increased by Leu to a greater extent than any other EAA (Ruderman and Berger, 1974) . In rats, LPS increases muscle Gln release and Gln synthetase activity with no change in glutaminase activity (Austgen et al., 1992) which coincides with an increase in muscle activity of branched-chain ketoacid dehydrogenase (Nawabi et al., 1990; Holeček et al., 1997) . This is consistent with pigs in which both Table 6 . Aspects of nitrogen (N) utilization in pigs fed increasing levels of standardized ileal digestible (SID) Leu above estimated requirements for maximum protein deposition during the 72-h prechallenge N-balance period in the main study a,b Different letters in a row denotes a significant difference between treatment groups (P < 0.05).
1 CON = 1.36% SID Leu; LEU-M = 2.04% SID Leu; LEU-H = 2.72% SID Leu.
2 SE is based on repeated measures analysis across time (largest value selected). 3 P-value for the linear effect of increasing SID Leu content on aspects of N utilization.
4 PD = whole-body protein deposition (N retention × 6.25). 5 PUN = plasma urea nitrogen.
BCAA uptake and Gln release by skeletal muscle is increased during ISS (Bruins et al., 2000) . In the current study, it is possible that increased Leu intake in pigs fed LEU-H compensated for an increase in BCAA catabolism during ISS, supplying excess N for Gln synthesis. This is in agreement with lowered plasma concentrations of Leu, Ile, and Val at 36 h after ISS in LEU-H pigs, suggesting either increased utilization of these AA or decreased release of these AA from body protein, which could partly account for the differences in N utilization efficiency between diets in ISS+ pigs.
In conclusion, the current study shows that wholebody N retention in starter pigs that are not exposed to an immune challenge is adversely affected by feeding additional Leu in a dose-dependent manner: increasing Leu intake to 50% above estimated requirements for maximum PD reduces N retention while this effect can be reversed by further increasing Leu intake up to 100% above requirements. However, this further increase in Leu intake does not improve whole-body N retention in starter pigs during ISS, but may contribute to the improvement in the efficiency of using absorbed N for N retention. These results suggest that Leu supplementation has a chronic effect on whole-body N retention in healthy starter pigs which is likely mediated through an increase in whole-body protein synthesis, a decrease in whole-body protein breakdown, or the utilization of N supplied by Leu for NEAA synthesis. Since Leu exerts its anabolic effects primarily in skeletal muscle, further investigation of muscle protein turnover in pigs supplemented with Leu above requirements for PD is warranted in both healthy and ISS pigs. Overall, the effects of Leu intake on PD should be considered when optimizing feeding programs for starter pigs. Table 7 . Aspects of nitrogen (N) utilization in pigs fed increasing levels of dietary Leu above requirements for maximum protein deposition during the 36-h postchallenge N-balance period in the main study a,b Different letters in a row denotes a significant difference between treatment groups (P < 0.05).
LiTerATure ciTeD
x,y Different letters in a row denotes a trend toward a difference between treatment groups (P < 0.10).
1 CON = 1.36% standardized ileal digestible (SID) Leu; LEU-M = 2.04% SID Leu; LEU-H = 2.72% SID Leu. ISS-= single injection of sterile saline at the start of the challenge period; ISS+ = single injection of Escherichia coli lipopolysaccharide (LPS) at the start of the challenge period.
2 SE is based on repeated measures analysis across time (largest value selected). 3 P-value for the contrast between ISS-and ISS+ pigs fed CON.
4 P-value for the linear effect of increasing dietary SID Leu content within ISS+ pigs on aspects of N utilization.
5 PD = whole-body protein deposition (N retention × 6.25).
